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The  poor  thermodynamic  and  thermal  stability  of  self-healing  glass  sealants  restrict  their  applications  in 
planar  solid  oxide  fuel  cells  (SOFCs).  In  this  paper,  a  calcium  borate  crystalline  is  prepared  by  melting- 
quench  and  a  subsequent  crystallization.  The  crystalline  phases  include  CaB407  and  CaB204.  The  in 
situ  observation  reveals  that  the  micro-indentation  on  the  surface  of  such  crystalline  can  be  healed 
when  heating  from  room  temperature  to  840  °C  at  a  heating  rate  of  40°Cmirr1.  Combining  with  the 
improved  thermal  stability,  the  crystalline  sealant  with  desired  self-healing  property,  at  the  operational 
temperature  of  SOFCs  (e.g.,  700-900  °C),  provides  additional  solution  for  the  sealing  challenge  of  SOFCs. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  provide  a  promising  solution 
for  the  worldwide  energy  shortage  because  of  their  high  elec¬ 
tric  conversion  efficiency,  environmental  compatibility,  and  system 
flexibility.  However,  the  sealing  challenge  is  one  of  the  important 
factors  intervening  the  SOFCs,  especially  for  planar  design  [1],  in 
which  an  overall  efficiency  of  about  80%  can  be  achieved  [2,3]. 

A  variety  of  different  joining  and  sealing  techniques  have 
been  developed  for  planar  SOFCs,  including  brazing,  glass  and 
glass-ceramic  sealing,  thermal  spraying  and  sol-gel  deposition 
[4,5].  In  the  last  decade,  much  attention  has  been  focused  on  the 
viscous  glass-ceramics  seals,  which  releases  the  thermal  stress  in 
the  cell  stacks  by  the  viscous  flow  of  residual  glass  in  the  operational 
temperature  range  (e.g.,  700-900  °C)  of  SOFCs  [6-8].  In  particular, 
the  glasses  without  crystallization  or  with  very  slow  crystalliza¬ 
tion,  i.e.,  self-healing  glasses,  are  highly  desired  for  the  long-term 
operation  of  SOFCs,  for  example,  at  800  °C  for  40,000  h. 

However,  the  self-healing  glasses  are  prone  to  crystallize  under 
the  SOFCs  operational  condition,  due  to  their  thermodynamic  insta¬ 
bility  [6].  Some  processing  on  the  surface,  e.g.,  polishing,  also 
accelerates  the  crystallization  of  glasses,  which  imposes  additional 
uncertainty  on  their  self-healing  properties  [9].  Moreover,  the  noto¬ 
rious  volatility  of  some  components  in  glass  matrix,  such  as  B203, 
also  impairs  the  thermal  stability  of  such  materials,  especially 
under  the  operational  environments  of  SOFCs  [10].  A  recent  work 
of  our  group  has  found  that  the  volatility  of  borate-containing 
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glasses  in  the  operational  environments  of  SOFCs,  e.g.,  in  wet  form¬ 
ing  gas  at  800 °C  for  20  days,  decreases  from  6.6  to  2.5 gem-2  as 
the  borate  content  increases  from  20  to  30mole%.  It  is  worth  not¬ 
ing  that  the  formation  of  borate-containing  crystalline  phases,  e.g., 
Sr3B206,  reduces  the  vitreous  B203  content  in  glasses  matrix,  which 
leads  to  the  great  improvement  of  thermal  stability  of  resulting 
glasses-ceramics  [11].  Therefore,  the  crystalline  sealants,  such  as 
borate-containing  species,  are  more  attractive  due  to  their  bet¬ 
ter  thermodynamic  as  well  as  thermal  stabilities  compared  with 
that  of  amorphous  analogues,  if  such  materials  can  also  possess  the 
sealing-healing  properties  in  the  operational  temperature  range  of 
SOFCs. 

In  this  paper,  a  glass  with  high  borate  content  (67  mole%)  was 
prepared  by  melting-quench  and  subsequent  long-term  crystalliza¬ 
tion  to  obtain  the  fully  crystallized  specimen,  which  was  confirmed 
by  X-ray  diffraction  (XRD)  and  differential  scanning  calorimetry 
(DSC).  The  self-healing  behavior  of  such  crystalline  was  investi¬ 
gated  using  an  in  situ  optical  microscopy  to  provide  direct  evidence 
for  the  design  of  novel  sealing  materials,  in  which  the  self-healing 
property  can  only  be  attributed  to  the  presence  of  crystalline 
phases. 

2.  Experimental 

A  50-g  sample  of  glass  was  prepared  from  a  batch  mixture  of 
reagent  grade  calcium  carbonate  and  boric  acid  to  form  a  nomi¬ 
nate  composition  of  33%Ca0-67%B203  (in  mole%).  The  batch  was 
melted  in  a  fused  silica  crucible  in  air  for  2  h  at  1 000  °C  and  the  melt 
was  then  quenched  on  a  steel  plate.  Glass  powders  were  crushed 
and  sieved  to  45-90  |xm.  Some  glass  powers  were  pressed  into  pel¬ 
lets  (0  =  lOmm).  The  sintering  and  crystallization  of  glass  pellets 
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Fig.  1.  Schematic  diagram  of  the  two-steps  heat-treatment  for  the  sintering  and 
crystallization  of  glass  pellets. 


1  CaB407 


Fig.  3.  XRD  pattern  of  the  calcium  borate  specimen  with  particle  size  of  45-90  |xm, 
after  heat-treatment  at  850  °C  in  air  for  1  week. 


were  performed  by  a  two-steps  heat-treatment,  as  shown  in  Fig.  1. 
Some  of  the  crystallized  pellets  were  also  crushed  and  sieved  to 
45-90  |jim.  The  crystalline  phases  in  the  crystallized  powders  were 
identified  using  X-ray  diffraction  (XDS  2000,  Scintag,  Inc.)  analysis. 

The  glass  transition  temperature  (Tg),  crystallization  temper¬ 
ature  (Tc)  of  the  glass  powders  were  studied  using  differential 
scanning  calorimetry  (SDTQ600,  TA,  Inc.).  In  addition,  the  melt¬ 
ing  point  (Tm)  of  crystalline  formed  during  the  heating  procedure 
in  the  DSC  instrument  was  determine  using  DSC  and  compared 
with  that  of  crystallized  powders.  The  measurements  were  con¬ 
ducted  in  nitrogen,  using  an  alumina  crucible  and  a  sample  weight 
of  1 0-1 5  mg.  A  typical  experiment  included  heating  the  glass  pow¬ 
der  in  the  DSC  instrument  from  room  temperature  to  1100°C  at  a 
heating  rate  of  1 0  °C  min-1 . 

Some  micro-indentions  were  created  on  the  surface  of  the 
crystallized  pellets  using  the  micro-hardness  tester  (DHV-1000, 
Shanghai  Jinxiang  Group)  at  a  load  of  9.8  N.  The  in  situ  self- 
healing  behavior  was  investigated  by  monitoring  the  change  of  the 
micro-indentations  upon  heating  using  a  high  temperature  optical 
microscopy  (EM-4,  Uhlon,  Inc.).  The  measurement  was  conducted 
from  room  temperature  to  840  °C  at  a  heating  rate  of  40  °C  min-1 . 

3.  Results  and  discussion 

Shown  in  Fig.  2,  are  the  DSC  curves  of  the  calcium  borate 
species  with  particle  size  of  45-90  pan.  The  glass  transition  tem¬ 
perature  (655  ±  5  °C)  and  the  peak  temperature  of  crystallization 
(790  ±  5  °C)  in  the  DSC  curve  of  the  quenched  glass  (Fig.  2a)  indicate 


Fig.  2.  DSC  curves  of  the  calcium  borate  species  with  particle  size  of  45-90  |jim,  for 
(a)  quenched  glass  and  (b)  after  heat-treatment  at  850 °C  in  air  for  1  week. 


its  amorphous  state;  whereas,  the  absence  of  the  glass  transition 
temperature  and  crystallization  endothermic  peak  in  the  DSC  curve 
of  specimen  after  the  heat-treatment  at  850  °C  in  air  for  1  week 
(Fig.  2b)  confirms  that  the  specimen  has  been  fully  crystallized.  It  is 
worth  noting  that  the  melting  point  of  crystalline  phase,  after  heat- 
treatment  at  850  °C  for  1  week,  occurs  at  986±5°C,  which  falls 
in  the  range  of  the  reported  melting  point  of  CaB407  in  literature 
(987 ±  10°C)  [12]. 

Fig.  3  shows  the  XRD  pattern  of  the  calcium  borate  specimen 
with  particle  size  of 45-90  p>m,  after  heat-treatment  at  850  °C  in  air 
for  1  week.  The  standard  diffraction  patterns  of  CaB407  and  CaB204 
are  also  included  for  comparison  [13].  It  is  clear  that  CaB407  and 
CaB204  are  the  major  phases  in  the  calcium  borate  species.  The 
presence  of  CaB407  in  the  crystalline  species  is  consistent  with  the 
result  of  DSC  curves  in  Fig.  2b.  The  volatilization  of  borate  in  the  cal¬ 
cium  borate  species  during  the  heat-treatment  at  850  °C,  before  the 
fully  crystallization,  might  generate  some  borate-deficient  zones  on 
the  surface  of  the  species  and  consequently  lead  to  the  formation 
of  CaB204. 

To  investigate  the  self-healing  behavior  of  the  crystalline  spec¬ 
imen,  an  in  situ  observation  was  carried  out  by  monitoring  the 
change  of  the  micro-indentations  upon  heating  using  a  high  tem¬ 
perature  optical  microscopy,  as  shown  in  Fig.  4.  It  is  clear  that 
the  micro-indentation,  marked  by  the  dash-line  circle,  becomes 
obscure  when  the  temperature  increases  from  room  temperature 
(Fig.  4a)  to  700  °C  (Fig.  4b)  and  to  800  °C  (Fig.  4c).  Finally,  the 
micro-indentation  disappears  completely  when  the  temperature 
increases  from  800  to  840  °C,  which  indicates  that  such  crystalline 
specimen  can  be  self-healed  at  840 °C  immediately,  e.g.,  for  a 
minute  in  present  work.  The  self-healing  behavior  of  such  crys¬ 
talline  specimen  can  be  correlated  with  the  viscoelastic  flow  of  the 
crystalline  phases  at  temperatures  close  to  their  melting  points. 
Considering  the  much  lower  melting  point  of  CaB407  (987  ±  1 0  °C) 
compared  with  that  of  CaB204  (1122±10°C)  [12],  its  viscoelas¬ 
tic  flow  should  be  the  main  reason  for  the  self-healing  behavior 
observed  in  present  work. 

It  is  generally  accepted  that  the  addition  of  B203  is  effective 
in  reducing  the  glass  transition  temperature  (Tg)  as  well  as  the 
softening  temperature  (Td)  of  sealing  glasses,  which  are  desired 
properties  for  performing  the  joining  process  [5,14].  Flowever,  the 
maximum  borate  content  in  sealing  glasses  should  be  10mole%  or 
less,  because  of  the  notorious  volatility  of  boron  in  glasses  at  high 
temperatures,  especially  with  the  presence  of  water  vapor  [10,15]. 
For  example,  the  reaction  between  water  vapor  and  liquid  state 
B203  leads  to  the  formation  of  B3H306  vapor,  which  causes  a  weight 
loss  of  0.98  mg  cm-2  in  a  glass  with  20  mole%  B203  after  holding  in 
wet  forming  gas  at  780  °C  for  7  days  [10].  The  finding  of  self-healing 
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Fig.  4.  In  situ  optical  images  of  the  calcium  borate  specimen  after  heat-treatment  at  850  °C  in  air  for  1  week,  (a)  room  temperature,  (b)  700  (c)  800  and  (d)  840  °C. 


crystalline  sealants  in  present  work  provides  useful  information 
on  the  design  of  novel  sealants:  The  glass  matrix  with  high  borate 
content  at  the  beginning  provides  the  desired  properties  for  join¬ 
ing  process,  e.g.,  low  Tg  and  Td;  the  borate-containing  crystalline 
phases,  obtained  by  controlled  crystallization  from  the  glass  matrix, 
fulfill  the  self-healing  as  well  as  thermal  stability  requirements  in 
routine  operation  of  SOFCs.  Combining  with  the  good  thermal  sta¬ 
bility,  such  crystalline  phases  with  desired  self-healing  property 
provides  additional  solution  for  the  sealing  challenge  of  SOFCs. 

4.  Conclusions 

The  self-healing  crystalline  phases  with  high  borate  content 
(67mole%)  provides  additional  approach  for  achieving  the  self- 
healing  design  of  SOFCs.  The  in  situ  observation  gives  direct 
evidence  for  the  excellent  self-healing  property  of  such  borate- 
containing  crystalline  species  at  the  operational  temperatures  of 
SOFCs.  The  self-healing  behavior  is  attributed  to  the  viscoelastic 
flow  of  the  crystalline  phases  at  temperatures  close  to  their  melt¬ 
ing  points,  such  as  CaB407  in  present  work.  This  finding  will  also 
expand  the  range  of  candidates  for  developing  reliable  sealants 
with  desired  self-healing  property. 

Acknowledgements 

The  authors  gratefully  acknowledge  the  financial  support  of 
the  Scientific  Research  Foundation  for  the  Returned  Overseas 


Chinese  Scholars,  State  Education  Ministry  (No.  LXKQ0902),  the 
Natural  Science  Foundation  of  Fujian  Province  of  China  (No. 
2009J05117),  the  Science  and  Technology  Development  Fund  of 
Fuzhou  University  (No.  2009-XQ-01 )  and  the  funding  (type  A)  (No. 
JA09020)  from  the  Fujian  Education  Department  of  China.  The 
authors  also  would  like  to  thank  Yannan  Lin  for  useful  discus¬ 
sion. 

References 

[1]  T.  Zhang,  Q.  Zhu,  Z.  Xie,  J.  Power  Sources  188  (2009)  177-183. 

[2]  S.  Singhal,  Am.  Ceram.  Soc.  Bull.  82  (2003)  19-20. 

[3]  N.Q,  Minh,  J.  Am.  Ceram.  Soc.  76  (1993)  563-588. 

[4]  S.P.  Simner,  J.W.  Stevenson,  J.  Power  Sources  102  (2001)  310-316. 

[5]  J.W.  Fergus,  J.  Power  Sources  147  (2005)  46-57. 

[6]  K.  Lu,  M.K.  Mahapatra,  J.  Appl.  Phys.  104  (2008)  074910. 

[7]  A.  Fliigel,  M.D.  Dolan,  A.K.  Varshneya,  Y.  Zheng,  N.  Coleman,  M.  Hall,  D.  Earl,  S.T. 
Misture,  J.  Electrochem.  Soc.  154  (2007)  B601-B608. 

[8]  N.S.  Raj,  Int.  J.  Appl.  Ceram.  Technol.  4  (2007)  134-144. 

[9]  T.  Jin,  K.  Lu,  J.  Power  Sources  195  (2010)  195-203. 

[10]  T.  Zhang,  W.G.  Fahrenholtz,  S.T.  Reis,  R.K.  Brow,  J.  Am.  Ceram.  Soc.  91  (2008) 
2564-2569. 

[11]  T.  Zhang,  R.K.  Brow,  S.T.  Reis,  in  preparation. 

[12]  Y.  Hao,  C.  Qing,  J.  Zhanpeng,  Calphad  23  (1999)  101-111. 

[13]  Joint  Committee  on  Powder  Diffraction  Standards,  International  Centre  for 
Diffraction  Data,  Joint  Committee  on  Powder  Diffraction  Standards,  Swarth- 
more,  USA,  2001. 

[14]  M.K.  Mahapatra,  K.  Lu,  R.J.  Bodnar,  Appl.  Phys.  A:  Mater.  95  (2009) 
493-500. 

[15]  M.J.  Snyder,  M.G.  Mesko,  J.E.  Shelby,  J.  Non-Cryst.  Solids  352  (2006) 
669-673. 


